Considering the importance of ceramics in many microdevice applications, a modified microelectrodischarge process in which the addition of silicon carbide powders in the dielectric was used to fabricate high aspect ratio microholes in dense and hard TiN-Al 2 O 3 ceramic composite has been described in the present paper. TiN-Al 2 O 3 ceramics has been prepared by reactive hot pressing technique. Response Surface Methodology (RSM) has been employed to design and optimize the experimental input parameters like voltage, capacitance, and tool rotation speed and for evaluating the responses in terms of Material Removal Rate (MRR), Electrode Wear Rate (EWR), Radial Overcut (ROC) and Taper Angle (TA). SiC powder addition has shown the improvement in MRR by 6.5 times, reduction of TA by 2 times and reduction in ROC by 1.5 times. However, EWR has increased by 1.8 times. Improvement in the machining performance has been analysed with respect to the early breakdown of the dielectric fluid by the addition of SiC powder and the enlargement of the discharge gap. Topographies of the machined surfaces analysed from the Scanning Electron Micrographs (SEM) show smoothening of the surface by SiC powder addition and reduction of tool rotation speed. Chemical compositions of the machined surfaces determined by energy dispersive spectral analysis (EDS) showed the formation of amorphous Ti-Al-O-N phase by the discharge. Thermal microcracking of the amorphous solidified melt, spalling, micro-bubble formation and accumulation of spherical electrode debris have been observed during the machining of TiN-Al 2 O 3 ceramiccomposite.
Introduction
Ceramic composites are taking unique positions in the application of lightweight aerospace, electronics, and structural engineering components. Hard particulate phases like TiN, TiC etc. impart high strength and toughness when incorporated in advanced ceramic matrices like Al 2 O 3 , Si 3 N 4 etc. Evans et al [1] have reviewed the toughening mechanisms and reported that the creation of residual stresses and formation of process zones surrounding the crack tip inhibit further crack growth in particulate reinforced ceramic composites. Gogotsi and Poetz [2] have observed the increase in toughness of the Al 2 O 3 and AlN composites and consequently increase in wear resistance of the composites when an optimum amount of TiN particulates were added. Mukerji and Biswas [3] have prepared in-situ Al 2 O 3 -TiN composite with high fracture toughness and hardness by a novel reaction sintering/hot pressing method. Gogotsi [4] has evaluated Silicon Nitride based particulate composites containing TiN and TiC and contemplated their use in making ceramic cutting tools, structural and electronic components considering their high chemical resistance alongwith hardness and fracture toughness. However, machining of these composites is extremely difficult due to an overall brittle nature of the materials. Interestingly, these particulate dispersoids are usually the interstitial carbides and nitrides of transition metals like Titanium, Zirconium etc. and have high electrical conductivities. Addition of these dispersoids increases the electrical conductivity of the composites [3] [4] [5] . Recently, a highly informative article by Gadow et al 2015 [6] elaborates on the EDM machining of these hard-to-machine ceramics and the consequent evolution of the surface quality of very complicated shape objects including threads made within ZTA-TiC composites. A percolating conductivity usually occurs when the content of these dispersoid phases reaches ∼20 vol% enabling the electro-discharge machining (EDM), an added opportunity for the fabrication of complex shapes which, otherwise, are extremely difficult to achieve by conventional machining [6] . EDM involves material removal by the application of electrical potential across the tool and the workpiece to create spark-plasma within a dielectric medium. Application of high voltage across the two electrodes creates discharge plasma the extension of which is restricted by the compressed liquid dielectric layer bounded by the shock and the plasma front as shown in the schematic figure (figure 1) for machining metal and ceramic workpieces adapted from the models proposed in earlier studies [7, 8] . The properties of ceramics are different from those of metals. For example, the thermal and electrical conductivities of the ceramics are much less than those of metals while the melting points and the high temperature strengths of ceramics are, on the contrary, much higher than those of metals. These properties affect the EDM parameters and outputs substantially. The energy required to remove these high melting materials should be much higher than that for the metals [9] . Moreover, the pulse frequency is restricted due to high resistivity of the material [9] . When tool electrode acts as anode (positive polarity) large amount of workpiece material could be observed to adhere on it possibly due to the bombardment of heavy cations on the workpiece surface which becomes rough pointing out to the less effective role of electron/anion bombardment on the removal of material from the workpiece surface of positive polarity [9] . Low material removal and consequently smoother surface had, therefore, been generated in Al 2 O 3 -TiC ceramic composite when the tool acts as negative electrode [9] . A study of micro EDM hole fabrication in stainless steel (316 L) has shown that negative polarity of the tool could enhance the MRR, TWR and Taper angle [10] . High surface quality has been achieved in micro EDM drilling of AISI 304 stainless steel when negative polarity was used for the tool [11] . Similarly positive polarity for the workpiece had been chosen by earlier studies in machining of Ti6Al4V [12] . figure 1 is, therefore, a schematic representation showing the different material removal mechanisms for metals and ceramics using the same polarity conditions for the tool (negative) and workpiece (positive). Choice of positive polarity for the work piece in figure 1 is made considering the experimental conditions in the present study based on the observed better surface finish obtained by this arrrangement [9] . Surface materials of the metal work-piece are removed primarily by melting and evaporation during plasma formation and detachment of molten globules of metals on the collapse of plasma during pulse-off time (figure 1(a)). These molten globules are carried away by the dielectric flow during machining.
Considering all these properties of ceramics and the results obtained by earlier authors [9, 13] formation of a melt cavity at the anode (positive electrode) (figure 1(b)) made up of ceramic sample in the present study could be ruled out unlike which is formed in metal workpiece cathode ( figure 1(a) ). Extensive works are being carried out, therefore, to optimize and accelerate the machining process since long machining times are elapsed and damage free surfaces are rarely obtained in EDM compared to those of conventional machining [14] .
Micro-Electro discharge machining (μ-EDM), a variant of EDM is playing a crucial role in creating microfeatures in the size range of 1 to 999 μm. Miniaturization of components for microdevices in aerospace, automobile, optical, biomedical and numerous other areas demands micro-hole drilling, a key micromachining process. High dependence of MRR on discharge energy during micro EDM milling of Al 2 O 3 -TiCN and ZrO 2 -TiN ceramic composites and higher prevalence of horizontal sub-surface micro-cracks have been observed earlier [15] Lower conductivity of ceramics even after the addition of conducting phases creates a lower electric field between the electrode and the workpiece in comparison to those developed by highly conducting metals and, therefore, produce smaller debris and gap between the tool and the electrode [16] . Secondary sparks were generated by the accumulation of the small debris within the gap between the two electrodes during micro EDM of conducting SiC ceramics [16] . Optimization of drilling with large aspect ratio in different materials is, therefore, necessary for the fabrication of components for microdevices. The addition of graphite powder particles to the liquid dielectric known as powder mixed EDM (PMEDM) had been attempted to improve the removal rate of materials (MRR) during EDM of steel [17] . A recent review has elaborated the usefulness of the addition of inorganic powders in micro EDM process and challenges for the future improvement [18] . Addition of semiconducting Si particles in Kerosene Oil had shown marked improvement of machining EN-31 tool steel [19] . The study on the effects of hybridization of EDM by a combination of (a) ultrasonic vibration and (b) TiC particle inclusion in the dielectric could reduce the surface roughness in Al-Mg-Zn alloy [20] . The impact of TiC abrasive particles on the machined surface by the agitation and the cavitation induced by the ultrasonic waves in water has eroded the crests formed on the recast layer of the machined surface. Powder mixed EDM helps easier discharge and consequently improves the machinability of the parts since it increases the discharge gap and spark frequency [21] . Higher MRR and surface smoothness could be achieved with the addition of Titanium nano-powder in the dielectric during EDM of AISI D2 steel [22] . Elctrochemical reaction of the dielectric fluid had been observed to have detrimental influence on the surface quality of the workpiece [23] . It has been concluded, in a recent review, that proper choice of powder as well as dielectric liquid in powder mixed EDM aids the production of micro parts with high surface quality [24] .
Electrical conductivities of the added powders play significant roles in shaping the electric field of the discharge plasma as observed in the earlier studies. Both conducting and non-conducting powders suspended in the dielectric media increase the gap between the tool electrode and the workpiece surface from the consideration of the relationship between electric field generated between the applied potential and the distance between the electrodes [21] . It has also been observed that the increase in the gap is more in case of addition of conducting powders while it is less when insulating powder was incorporated [17] [18] [19] [20] [21] [22] [23] [24] . Consequently, the discharge becomes more uniform over the work surfaces making them smoother on the addition of inorganic powder. The increase in MRR of a mild steel workpiece with the addition of graphite powder has been explained from the argument of higher spark frequency when the breakdown voltage is reduced by the addition of graphite powder [17] . Decrease of the time-to-breakdown with the addition of powders in the dielectric medium has been observed from the breakdown study of different inorganic powders in organic dielectric medium [25] . Maximum influence has been observed when SiC powder was added in the system [25] . PMEDM process could be described schematically in figure 2 .
PMEDM machining of ceramics, a hard and brittle material, has rarely been reported even though plenty of literature are available on EDM of ceramics. Significant enhancement in both MRR and EWR during PMEDM of Cobalt bonded Tungsten Carbide with aluminum powder had been observed [23] . Smooth surface was obtained when graphite powder was used in PMEDM of WC ceramics [26] . Least improvement in machining efficiency has been observed by these authors when Al 2 O 3 powder was used. Considering the possibility of formation of long conductive chains during discharge Carbon nanofibers were used in micro-drilling SiC ceramics which showed an increase in spark gap and MRR [27] . An improvement of the surface quality has also been observed in this study.
Rare study, thus, could be traced on the powder mixed micro-EDM (PMμ-EDM) of ceramics overall and TiN-Al 2 O 3 ceramics, in particular, from the review of the literature. Therefore, the present study has been devoted to find out the changes in output responses when SiC powder is incorporated in the dielectric liquid during the μ-EDM of the TiN-Al 2 O 3 ceramic composite, a new generation advanced material. The material possesses high resistance to various kinds of wear, high hardness and toughness, low friction coefficient and considerable thermal and electrical conductivity [3] . Thus, the material has the potential for wide range of applications in fabricating microdevices like micro-chemical reactor, high temperature micro heat exchanger, micro-electromechanical systems (MEMS) and memory devices. SiC powder is chosen as an external additive to the dielectric since (i) it is electrically semiconducting in nature, (ii) it has the high capacity to reduce the breakdown voltage of the dielectric fluid so that low potential could be applied for generating spark and initiation of dielectric breakdown as discussed earlier and (iii) it is highly abrasive in nature which might erode the machined surface and improve the smoothness during the whirling motion of the suspended fluid generated by the rotation of the tool electrode in the gap between the electrodes.
Materials and methods

Preparation of TiN-Al 2 O 3 composite
Titanium Nitride-Alumina (TiN-Al 2 O 3 ) composite was prepared by the reactive hot pressing method similar to that described by earlier method [1] Essentially, it consists of hot pressing the starting powders (TiO 2 and AlN) at 1450°C for 30 min with graphite die and punch (70 mm diameter) (figure 3) under nitrogen atmosphere in a high temperature vacuum hot press (GCA Vacuum Industries Inc, USA Model 2320) at CSIR-CGCRI, Kolkata, India.
The inside wall of the die and outside wall of the punch were coated with Boron Nitride (BN) for lubrication and protection of the powders from reaction with the graphite materials. The product was then characterized by X-Ray Diffraction unit (Panalytical) for phase analysis, Ultrasonic test equipment (USP 12, Krautkramer) for elastic modulus, universal testing apparatus (INSTRON) for 4 points flexural strength, hardness tester (Leitz) for microhardness and laser flash equipment (Flashline, Anter Corpn USA) for measuring thermal diffusivity. Bulk densities were measured by Archimedes method. Electrical conductivity was measured by a conductivity meter (Keithley) with 4 point contact probe station. The properties and composition of the composite are presented in table 1. XRD measurements showed the presence of α -Al 2 O 3 , TiN and weak lines of pseudo Brookite (TiO 2 ) as mentioned in [3] .
Micro EDM machining
MRR and EWR have been calculated from the volume reduced within the machine time. The dimensions of the drilled holes were measured by using a multimode Scanning Probe Microscope (Bruker). Radial overcuts and Taper angles were measured by equations (1) and (2). All the experiments were carried out in a Hybrid μ-EDM ® (DT-110i) machine (Mikrotools, Singapore) shown in figure 4 . The samples were used as anodes (+ve electrodes) in the experiments. Response Surface Methodology (RSM) with a series of 20 experiments was adopted for the present study. De-aromatized hydrocarbon fluid was used as dielectric fluid (table 2) and silicon carbide (SiC) powder having particle size ∼2 μm (d 50 ) was dispersed in the dielectric liquid. The optimal parameter settings for the responses are determined with the help of statistical analyses. The process parameters and their range are shown in table 3.
Examination of machined surfaces
Machined surfaces of the workpiece have been analysed by a SEM microscope attached with EDS (Nova Nanosem 450). The sequential model sum of square, lack of fit (LOF) and model summary have been performed to check the adequacy of the model. Analysis of Variance (ANOVA) and the fit summary of these tests recommended the adequacy of the quadratic model. Determination coefficients were calculated and compared with the experimental data by the method described earlier [28] . It is calculated as the ratio of explained variation to the total variation which is a measure of the degree of fit. In the present study, the value of the determination coefficient (R 2 =0.91) indicates a high significance of this model. ANOVA result (table 5) shows that both linear and quadratic models are significant. 'F' value for individual factor term is calculated as the term mean square divided by the residual mean square. "Prob>F" less than 0.0500 indicates that the model terms are significant. In this case, C, AB, A 2 , C 2 are significant model terms. Values that are greater than 0.1000 indicate that model terms are not significant. The lack of fit value of F is 4.86 implying non-significance relative to pure error. Thus, it allows the model to fit the experimental data. Figure 5 shows that high concentration of SiC particles and intermediate rotation speed of the tool lead to high MRR showing the hybrid effect of the process. Not much difference in MRR could be observed in figure 5 , when the rotation speed of the tool has been varied from 1200 rpm to 1600 rpm under a constant discharge energy (1/2 Capacitance×Voltage 2 ). Tool rotation speed does not have a simple relation with the MRR as observed in earlier literatures. MRR had been observed to be maximum for an optimum tool speed and attributed to better flushing of the debris with rotation induced whirling motion of the fluid in the inter electrode gap during μ-EDM Milling of stainless steel [10] . Results from the present study ( figure 5) indicate that higher dispersion of sparks from the particles homogenized in the suspension with the higher tool rotation speed is counterbalanced by the formation of debris within the inter electrode gap causing abnormal sparks and reduction of the MRR.
Interaction of process parameters
Effect of concentration of SiC powder
As discussed in earlier section figures 5 to 7 indicate that the concentration of SiC particles has the most significant influence on MRR. The regression equation for MRR from this study shows that both linear and quadratic models are significant and powder concentration (C) comes out to be the most influencing parameter. The equation (equation (3)) in terms of actual factors can be used to make predictions about the response for given levels of each factor. Here, the levels are specified in the original units for each factor. The regression equation for MRR is The MRR increase with the concentration of the added SiC powder, under the similar machining conditions, could be explained by the decrease of time-to-breakdown of the dielectric suspension with the increase in the concentration of SiC powder. Decrease in time-to-breakdown was observed while determining the dielectric strengths of colloidal systems containing different amounts of SiC powder [25] . Figure shows that MRR increases with the decrease of applied voltage and increase in powder concentration. An increase in powder concentration in the dielectric reduces the breakdown voltage so that the capacitor charges quickly to reach the breakdown voltage, thus, increasing the number of sparks [17] . More energy is available at a particular time interval helping to increase the MRR. The increase in applied voltage with high concentration of SiC powder in the dielectric might have generated more immobile debris accumulated within the narrow gap between the electrodes resulting in unstable discharges. The effect is not so pronounced when both the concentration of the powder and applied voltage are low. High rotation speed reduces the effect by creating centrifugal motion which helps to flush out the debris within the gap and increases the MRR by making the discharge stable ( figure 7) . The increase of MRR with rotation of the electrode was attributed to the effective flushing of debris generated from the workpiece surface and the tool electrode in the inter electrode gap (IEG) by the rotary motion of the electrode and subsequently a fresh dielectric layer in the gap [29] .
Through micro-holes fabricated by PMμ-EDM are shown in figure 8 . These holes have dimensions ∼8 mm length and 500 micron dia. SEM Micrographs of the cross section of the microholes have been presented in figure 9 . A sample has been cut, ground, polished to 1 μm diamond finish and the polished surfaces were joined together by a very thin adhesive layer. The surface perpendicular to the joined surface was then ground and polished to 1 μm finish. The sample was then fixed in the holder and microhole was generated perpendicular to the cut line. After the fabricatio of the microhole the halved portions of the sample have been separated the glue was removed and the hole section was observed under SEM.
Radial overcut (ROC)
, taper angle (TA) and electrode (tool) wear rate(EWR) Figure 8 shows the radial over-cut (ROC) and taper angle (TA) values in different runs. ROC and TA follow a similar trend. Figure 8 illustrates that TA and ROC are maximum at 5th run (S=1600 rpm, V=100 volt, C=2 g l −1 ) and minimum at 6th (S=1400 rpm, V=115 volt, C=4 g l −1 ) and 12th (S=1400 rpm, V=89.77 volt, C=4 g l −1 ). More or less, it could be concluded from the above results that both the electrode rotation speed and concentration of SiC powder should be intermediate for obtaining minimum taper and radial over cut. Both TA and ROC depend on the abnormal and non-uniform discharges during machining. High discharge energy created by high voltage generates high temperature which melts and evaporates the electrode material (W) easily. Microhole diameter has been observed to be less in PMμEDM of stainless steel with a Tungsten (W) electrode andthe addition of SiC powder in a commercial EDM dielectric [30] . Addition of SiC powder to the dielectric increases the viscosity of the fluid and restricts the heat flux radius of the plasma channel to increase according to a model presented earlier [30] . Lower diameter of the hole is, therefore, due to the lower heat flux radius of plasma channel under the condition of powder mixed micro EDM and consequently responsible for the lower ROC. Shorter machining time due to higher MRR may be another factor which reduced the time of contact of the spark and the work piece surface. EWR becomes very high when the voltage is increased. Taper in the hole geometry is a direct consequence of abnormal sparks and the consequent deformation of tool electrode geometry during EDM [31] . Earlier results show that taper increases with the addition of conducting powders in the dielectric and increase of current without any definite trend for the increase [12] . There is practically no relationship of EWR with TA and ROC observed from figure 10 (Run 5 and 12) in the present study.
Comparison between μ-EDM and PMμ-EDM
Experimental results for the comparison of response outputs of μ-EDM and PMμ-EDM have been presented in table 6. It could be observed that MRR significantly improves and almost an order higher in PMμ-EDM compared to μ-EDM (table 6). The enlargement of the discharge gap along with better dispersion and higher frequencies of sparks over a broad area of the working surface originating from the lower time to breakdown of the dielectric are the reasons for the higher MRR as discussed earlier. However, EWR is increased when SiC powder is mixed with the dielectric. Higher EWR compared to that in the case of μEDM without the incorporation of additive powders had also been observed earlier when all other machining parameters were fixed [32, 33] . Higher discharge energies produced by the addition of powders in the dielectric was attributed to the higher EWR in PMEDM [29] [30] [31] . Removal of carbon coating formed by the thermal dissociation of kerosene and exposure of fresh tool surface by abrasion with additive particles (Al, SiC) had been proposed to be the cause of higher electrode wear rate in PMμEDM [32] . Moreover, the EWR is more when SiC powder was used than when Al powder added presumably due to higher abradability index of SiC [32] . The reason behind the increase in EWR in the present study seems to be the generation of high thermal energy of the discharge plasma accompanied by the high abrasive wear of the electrode surface caused by SiC particles at high temperature similar to those observed earlier [32] . Lower values in ROC and TA are due to less machining time and abnormal sparks encountered by the work surface in PMμ-EDM resulting in less damage to the periphery surface walls. This is again related to the lower time-to-breakdown of the dielectric with the SiC powder addition as discussed earlier. Higher removal of debris due to enlarged discharge gap is another reason for better flush in PMμ-EDM compared to μ-EDM as proposed earlier from the results of electrodischarge drilling of ZTA-TiC composites [34] . Figure 13 exhibits the topographies of the machined surfaces. Formation of molten material pools spread across the surface with spalled zones existing as craters in between the metal pools could be observed in figure 13 . The solidified molten mass looks like a glass phase formed by high cooling rate. Thermal micro-cracking in the melt Figure 11 . FESEM micrograph of micro-pores generated on the crest glass in a PM-μEDM surface. . Spalling and detachment of large flakes of ceramics could be considered from the energy criteria since lower energy is required in producing sub-surface and vertical cracks by the thermal shock encountered during high heating and cooling cycle than that required in case of melting and evaporation [9] . The spalling effect and crack formation are prevalent in ceramics having low strength and fracture toughness while materials like ZrO 2 -TiN did not exhibit spalling since these possess high fracture toughness [35] . Formation of micropores took place by the evolution of gas bubbles generated by the oxidation reaction of TiN at high temperatures similar to that observed in the present study ( figure 11 ). Small white spheres spread across the whole surface are formed by the melting evaporation and condensation of the tungsten electrode used in the present study. The white colour of the spheres indicates the higher atomic number of the chemical element present in the spherical particles and, therefore, should represent Tungsten in the present case as also confirmed from the EDS analysis (figure 12) of the machined surfaces under two different conditions. The chemical element contents are presented in table 7. Table 7 shows the presence of Al, Ti and O and N in the surface of μEDM samples without SiC powder addition while no trace of N could be visible in PMμ-EDM sample although almost similar EDM parameters were used. Moreover, Mukerji and Biswas [3] observed, in an earlier study, that the topography of the sample surfaces consists of crystalline rutile features after oxidation at 1000°C and under ambient conditions which are markedly different from those observed in the machined surfaces in the present study. Formation of featureless amorphous Ti-Al-O-N phase took place during the quenching under the EDM machining conditions as observed in figure 13 . The presence of nitrogen in the melt indicates that either the recast layer is thin as a result of which the electron beam penetrated to a depth from the surface acquiring the information from the (table 7) originated from the dielectric breakdown of the organic liquid. In PMμ-EDM process the temperature of the working surface might have been higher and, therefore, intense oxidation took place on the surface indicated by higher amout of oxygen (table 7) . Absence of carbon in these samples is either due to the oxidation at higher temperature or removal by SiC powders in the dielectric under the PM-μ-EDM conditions.
Topographies of machined surfaces
Chemical composition of the amorphous phase formed on the surface does not correspond to Tialite (Al 2 TiO 5 ) either since the Titanium content is higher. White globules are mostly located on the craters and caused by material migration from the electrode to the surface of the workpiece. Similar material migration from tool electrode to workpiece surface has also been observed earlier [37] . Figure 10 shows also the differences in surface roughness of the samples indicated by the height of the crest of the discharge craters. The roughness is less in the sample machined by PMμ-EDM than that of the sample machined by μ-EDM. An optimum Carbon nano fiber concentration could decrease the crater radius of the machined surface by increasing the number of spark spots during the discharge and eliminating abnormal discharges by short circuits created with the chain formation of the particles [37] . Even distribution of craters in PMEDM samples was observed while non-even distribution of craters persisted in conventional EDM [38] . Uniform distribution of discharge energy during PMμEDM has been attributed to decrease the surface roughness in micro wire EDM of Inconel alloy with addition of graphite nano powder in the dielectric [39] . Evenly distributed shallow cavities (figure 13) were generated due to stable discharge and increase in thermal conductivity of the dielectric fluid as a consequence of SiC powder addition in the present study. Additionally, the impact of SiC particles during whirling motion of the fluid surrounding the tool electrode should disentangle loosely held flakes and erode the crest materials from the work surface. Separate experiments were carried out under constant capacitance (0.1 μF), voltage (100 V) and SiC concentration (6 g l −1 ) to observe the effect of tool rotation speed with the topography of the machined surface. The results show that the surface becomes rough when electrode rotation speed is increased above 1000 rpm ( figure 14) . Roughness of the surface is usually the result of the formation of craters with large radius caused by high discharge energy. The increase in surface roughness with the voltage and discharge current during μ-EDM of Si 3 N 4 -TiN composite had been observed earlier [40] . . Increase of electrode rotation speed, in the present study, causes increase in homogeneity of the liquid suspension surrounding the tool electrode and consequently formation of higher discharge energy. Thus, a milder grinding regime could be ensured with the speed reduction (1000 rpm).
Conclusions
Study on the drilling of micro-holes on reaction hot pressed electro-conductive TiN-Al 2 O 3 ceramic composite by PMμ-EDM reveals the following inferences:
1. SiC powder concentration in the dielectric is the most influencing parameter in machining TiN-Al 2 O 3 ceramic composite among powder concentration, voltage and tool rotation speed. The next important parameter is the applied voltage. The tool rotation speed has an optimal value with least significance to the material removal rate (MRR). 4. Improved surface quality in PMμ-EDM samples and particularly those processed with a low tool rotation speed (1000 rpm) as observed from SEM micrographs is probably due to the high discharge energy produced by the effective homogenisation of SiC particles in the dielectric with the increase in tool rotation speed.
5. The formation of T-Al-O-N glass layer confirmed by EDS analysis on the surface points towards high temperature chemical reaction of the constituent phases in the material causing melting and subsequent quenching. Simultaneous occurrence of areas of brittle fracture in the SEM micrographs of the machined surface is the result of the generation of cracks on the glass surface caused by thermal stresses during quenching.
6. Microbubbles within the glass layer were formed by gas evolution during oxidation of nitrides.
Thus, improvements in the outputs of PMμ-EDM technique have been attributed to the early breakdown of the dielectric leading to enlargement of the discharge gap and even distribution of the sparks forming stable discharge due to the presence of SiC particles in the dielectric. PMμ-EDM, therefore, offers the good potential to machine hard and electro-conductive TiN-Al 2 O 3 ceramics for the fabrication of micro features like micro-holes with high aspect ratio (8 mm × dia 500 micron). These features are necessary to fabricate components for micro chemical reactors, micro heat exchanger, micro electro mechanical systems and micro chemical reactors.
